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Acoustic emission has been found effective in offering earlier fault detection and improving identification capabilities of 
faults. However, the sensors are inherently uncalibrated. This paper presents a source to sensor paths calibration technique 
which can lead to diagnosis of faults in a small size multi-cylinder diesel engine. Preliminary analysis of the acoustic emission 
(AE) signals is outlined, including time domain, time-frequency domain, and the root mean square (RMS) energy. The results 
reveal how the RMS energy of a source propagates to the adjacent sensors. The findings lead to allocate the source and 
estimate its inferences to the adjacent sensor, and finally help to diagnose the small size diesel engines by minimising the 
crosstalk from multiple cylinders. 
 
 
1. INTRODUNCTION 
 
When a machine begins to fail, symptoms of failures are usually noticeable in advance by using condition monitoring 
systems (CMS). Unfortunately, in early stage of failure these symptoms are corrupted by other background noise. Therefore, 
condition monitoring and fault diagnosis systems need to be effective in detection incipient failures to ensure optimum usage 
and safe operation of the machines. This potentially increases productivity and saves industries millions of dollars in 
unexpected downtime and human catastrophes.  
The main objective of all CMS is to be able to detect an impending failure while the defect size is still small. This includes 
capability to isolate “noise” from other machine components. Acoustic emission (AE) technology has been found effective in 
offering earlier fault detection and improved identification capabilities of faults than conventional vibration analysis [1]. It also 
provides an indication on the defect size and allowing the user to monitor the rate of degradation. AE technology has also been 
used in recent years to detect and locate crack initiation by researchers [2-4]. In this paper, AE technique is being considered 
with interest and simulated fault is applied on a small size four-cylinder four-stroke diesel engine. Four AE sensors were used 
to capture the simulated AE signals of each cylinder.  
AE technique gains researchers attentions because of its apparent high signal-to-noise ratio (SNR). This claim is based on 
its high frequency compare with typical mechanical background noise (less than 20 kHz) [5]. The difference between AE 
monitoring and other technologies is that AE measurements are inherently uncalibrated [5] and the frequency response of each 
AE sensor may differ slightly. The signal received by the sensor is also affected by the propagation path of complex engine 
structure. Without a proper calibration, the AE signals could be misinterpreted and leads to unsuccessful diagnosis of a fault. 
Therefore, standard Hsu-Nielsen pencil lead break was used simulate a fault and study the AE signal characteristics along the 
propagation path to the various AE sensors on the engine block.  
Section 2 describes the experimental setup, calibration process and an introduction to AE signals and measurements in 
diesel engine. Section 3 shows presents the results of pencil lead break tests, including the time, time-frequency information 
and root mean square (RMS) energy. Finally, the results of RMS energy from calibration are used to locate and estimate the 
source interferences to adjacent cylinders.  
 
 
2. EXPERIMENTAL STUDY 
 
2.1 Experimental Setup 
The experimental investigation was undertaken at the Queensland University of Technology using the Diesel Fault Test Rig 
(DFTR). This test rig consists of a small four-cylinder Perkins diesel engine coupled to an Olympian 415 Volt, three-phase 
alternator. The DFTR is shown in Figure 1. 
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Figure 1 The Diesel Fault Test Rig at Queensland University of Technology  
 
Raw AE signals were acquired using an array of four PAC MICRO-30D sensors. These sensors are permanently mounted 
in close proximity to the four combustion chambers on the cylinder head of the engine as shown in Figure 2. These sensor 
positions are also shown schematically in Figure 3. The signals were then amplified using four PAC 2/4/6 preamplifiers before 
being recorded and digitised using a PAC MicroDisp AE data acquisition system. The frequency of interest ranges from 20 
kHz to 400 kHz. To avoid signal aliasing, a 1 MHz sampling rate was used to sample raw AE data. 
 
 
Figure 2 The Cylinder head with the sensor locations 
 
 
Figure 3 Schematic view of the cylinder head showing the sensor locatons 
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2.2 Source to Sensor Paths Calibration 
There are many possible AE sources in a diesel engine. A number of cited papers by [6] have shown that AE measured at 
cylinder head contains major AE events from the combustion process, fuel injection, piston slaps and valve impacts. The AE 
signal received by the sensor is a combination of these major events and also affected by the couplant and the engine structure. 
Therefore, a calibration of the sensors and engine is necessary to secure correct understandings form outputs. 
When the diesel engine is in operation, the AE sources related to the combustion process, mechanical movements, intake 
and exhaust activities are generated and mixed together [7]. With the other cylinders also in operation, the overall outputs 
measured at individual sensors are very complex. In this paper, standard pencil lead break tests (Hsu-Nielsen) were carried on 
10 locations on the cylinder head after it has been taken off from the engine. This is shown in Figure 4. These are possible 
locations that could generate AE signals, such as the inlet and exhaust valve seats where the valve impact occurs during closing 
and other locations around the cylinder head during fuel ignition.  
 
 
(c) 
Figure 4 The pencil lead break locations shown as crosses for one combustion chamber 
 
2.3 Energy Propagation of Acoustic Emission Signal in Diesel Engine 
In an infinite medium, any AE wave generated by an internal source of energy (E0) will propagate as a spherical surface in 
all directions. This process can be described by conservation of energy (Equation 1) when there is no reflection. At each 
location the energy (Ex) can be approximated by the damping factor (k) of the system and the distance from the source (x).  
 
ܧሺݔሻ ൌ ܧ଴݁ି௞௫          (1) 
 
However, when AE waves propagate through a complex medium containing many voids, discontinuities, and boundaries, 
such as an engine block, the resultant signals are combination of reflection, refraction and wave mode conversion [8].  
This scenario renders Equation 1 unsuitable for describing wave energy in engine blocks. One way to overcome this 
problem is to remove the reflections from the signals. Unlike the audio echo cancellation, the AE signals used in this research 
are much higher sampling rate; a longer impulse response is needed. Thus, removing these reflections poses a significant 
challenge and results in many undetermined factors.  
 
 
 
3. SIGNAL ANALYSIS AND RESULTS 
As detailed schematically in Figure 4, the pencil lead break tests were carried at ten locations on each of the four 
combustion chamber areas. The standard pencil lead break has been assumed to generate an excitation source that 
approximates an impulse signal. 
 
4 
3.1 Time domain analysis 
Due to page limitations, the majority of time series plots are not shown. However three representative datasets are plotted 
below. Figure 5 shows the normalised pencil lead break signals from the inlet valve at cylinder No.1 as expected, the plot 
shows that the signal recorded at sensor 1 had the highest overall amplitude.  
The small amplitude, faster wave front arrives earlier than the highest peak for each sensor, which is believed made up of 
one or a number of modes [9]. This precedes the main signal which carries the highest amplitude. Obviously, the main signals 
is picked up by sensor 1 followed by sensor 2, 3 and 4. This trend is also seen in Figures 6 and 7. By using the threshold 
method on the main signals, one can combine with the empirical wave velocity and measures the effective transmission path 
length [9].  
It also can be seen from the Figures 5, 6 and 7 is that after the highest peak, there are a few more peaks appearing. These 
are believed to be the reverberations/reflections adding up to the original signals.  
 
 
Figure 5 Pencil lead break at inlet valve of Cylinder No. 1 
 
Due to the internal geometry of the cylinder head and the tortuous AE wave path between the wave source at cylinder No.1 
and the sensor at cylinder No 4, it can be seen in Figures 5 and 6 that sensor 4 picks up the addition of multi-reflections of the 
original signal. This makes the signal output from sensor 4 looks like some source of noise in time domain intuitively.  
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Figure 6 Pencil break at exhaust valve of Cylinder No. 1 
 
 
Figure 7 Pencil break at exhaust valve of Cylinder No. 3 
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Figure 8 Cross correlation between the lead breaking at inlet and exhaust valve at cylinder No.1 
 
Figure 8 shows a cross-correlation plot generated from sensor 1 output of pencil break at inlet and exhaust valve at cylinder 
No.1. With P-value less than 0.2, it is clear to see that these signals are uncorrelated.  
Nonetheless, it can also be seen intuitively that the reflections from these two signals occurs at different time. This rises the 
difficult to apply the techniques used to measure acoustical impulse responses in a room[10] in diesel engine to remove the 
reflections.  
The impulse response for each source to sensor pair is different, the engine has multiple excitation sources and they are 
unknown. Therefore, it is not practical to find thousands of impulse response for these original AE data in order to remove the 
reflections. 
 
3.2 Time frequency domain analysis 
In time domain analysis, it is impractical to estimate thousands of impulse response pairs for all possible locations in order 
to remove the reflections. In this section, the Short-Time-Fourier-Transform (STFT) will be used to reveal the time-frequency 
information of the signals. From Figure 9 it is obvious that the energy contents (red regions) from sensor 1 to 4 move from left 
to right.  
The highest energies (dark red) are concentrated below 200 kHz for the four sensor readings. The differences of the 
concentration areas of the red region at each sensor location may be affected by the variation of the frequency response of the 
sensors. The fast wave front has evenly distributed energy range from 20 kHz to 400 kHz and contains very small energy 
comparing to the slow main signal.  
Equation 2 is used to calculate the percentage of energy reflected by the boundaries. Z1 and Z2 stand for the acoustic 
impedance of the two materials. In the case of the cylinder head (Z1 of cast iron 37.44x106 and Z2 of air 4.3x102, Z1>>Z2), the 
AE wave will be greatly reflected by the boundaries.  
 
ܧ௥ ൌ  ቀ௓భି௓మ௓భା௓మቁ
ଶ ൈ 100   (2) 
 
Since the source and the receiver are stationary. The frequency of the reflected signal does not change. However, due to the 
complexities of the engine block, the reflected signals are also affected by refraction and mode conversions. This could also 
cause the fluctuations on the frequency contents.  
At each STFT plot, the dark red regions show when and which frequency band of the highest energies present. In Figure 9, 
it is clear that the dark red regions (high concentrated energy) last from the beginning to about 0.6ms at sensor 1 and last a little 
bit longer to 0.8ms at sensor 2. The dark red region at sensor 3 lasts from 0.2ms to 1ms, while it lasts from 0.3ms to the end. 
This is reasonable, because closer to the source, the main signal is picked up and its energy is greater than the reflected signals. 
At sensors 1 and 2, the main signal occurred before the reflections. The first bit of dark red regions stands for the main signal, 
and the later bit maybe the addition of the first reflections and the main signal. However, at sensors 3 and 4, the dark red 
regions stand for the reflected signals, because the main signal did not appear in the plot and the energies belong to the 
reflected signals. Therefore, the high energy regions at sensors 1 and 2 last shorter than at sensors 3 and 4.  
From the STFT plots, there is no obvious frequency change to indicate reflection, refraction or mode conversions. This is 
because the reflections have similar frequency contents with the main signal. Therefore, making use of the time frequency 
information is unable to separate the reflections in this study. In the following section will take a look at the instantaneous root 
mean square (RMS) energy. 
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Figure 9 Outputs of pencil lead break at inlet valve cylinder #1 and STFT plots 
 
3.3 RMS Analysis 
Root mean square (RMS) is a statistical measure of magnitude of a varying quantity. RMS is used in many fields, such as 
electrical engineering to calculate the average electrical power usage.  
As discussed in time analysis section, the sensors located closer to the source capture the main signal as well as the 
reflection, refraction and mode conversions of it. In this paper, the RMS is calculated using shorter time interval than the 
conventional one, in order to reveal the energy change in the signals along the time. From the time readings, the first peak after 
the main signal arrives 0.1 ms later (100 data at 1 MHz sampling rate). Thus, a rectangle window width of 100 data points is 
chosen and 67% of overlapping to cope with second set of experiment. Time interval of each point is 33e-6 seconds. 
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Figure 10 Average instantaneous root mean square plots of pencil lead break at four cylinder heads 
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The energy of each reflection decreases with time. Due to the present of the main signal energy, the RMS plot at the sensor 
closer to the source positions will decreases more rapidly. This is because occurrence of the main signal is short. Soon after the 
present of the main signal, the closest sensor captures the reflections same as others.  
Assuming the energy decay from the highest point with time follows the equation 3. After taking the nature log of equation 
3, equation 4 becomes a linear equation. By making use of the build-in function of linear fitting in Matlab, one can estimate k 
values for each RMS plot. The k values are shown in table 1 and the time step is 33e-6 seconds. 
 
ܧ௧ ൌ ܧ଴݁ି௞௧           (3) 
 
ln ܧ௧ ൌ ln ܧ଴ · ሺെ݇ݐሻ          (4) 
 
Table 1  
Table of the k values of equation 4 
 hit at #1 hit at #2 hit at #3 hit at #4 
sensor 1 (k value) 0.04585  0.04366 0.03575 0.03312 
sensor 2 (k value) 0.04487 0.04489 0.0369 0.03991 
sensor 3 (k value) 0.03934 0.04198 0.04381 0.04399 
sensor 4 (k value) 0.01625 0.03762 0.03769 0.04662 
 
 
From the highlighted values in the table1, the sensor placed at closest distance has the highest damping factor than others. It 
decays towards to the sensor that is further away. This matches the assumption made previously.  
Table2 shows the energy attenuation from RMS plots. The attenuation values were calculated by taking the ratios of mean 
value around the peak at each sensor location. One thing can be observed from Table2 is that the impact at cylinder No.3, 
sensor 4 picked up higher energy than that of sensor 2, although the direct path from the source to each sensor is the same. 
According to the energy conservative law, the energy should be the same. The difference may be caused by the geometry 
structure of the engine head that affect the wave propagating path. Apart from this observation, the energy attenuation decayed 
linearly towards the further sensors.  
Figure 11 shows two individual time interval that averaged from 20 cycles, relating to the combustion at cylinder No.1 and 
2. The attenuation trend can be also observed from Figure 11 (a). It is clear that the inlet valve closing at cylinder No.3, sensor 
4 (green) picked up higher energy than sensor 2 (red). Figure 11 (b) shows sensor 1 and 3 picked up the same level of energy 
from combustion at cylinder No.2 which again matches the trend in table2.  
From the calibration tests, it is shown that the sensor placed closer to the source picked up the highest RMS energy than the 
others. This result is similar to that used in [11] to locate the source by using the highest and second highest energy. This result 
could be used in the future to estimate the outputs RMS energy level of the adjacent cylinder from the highest energy readings.  
 
Table 2  
Table of the attenuation of the peak values 
 hit at #1 hit at #2 hit at #3 hit at #4 
sensor 1 (attenu.) 1 0.7649081 0.3941382 0.2462948 
sensor 2 (attenu.) 0.612933  1 0.6780235 0.4016291 
sensor 3 (attenu.) 0.4159664  0.7654454 1 0.6560697 
sensor 4 (attenu.) 0.2525005  0.5690341 0.8241456 1 
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   (a)       (b) 
Figure 11 AE RMS plots for normal running data 
 
 
4. CONCLUSIONS 
 
This paper provides some basic understandings of the AE source and it propagation through the structure. By the time when 
the AE signal is picked up by the sensor, it is affected by the reflection, refraction and mode conversions. All these make the 
AE signals difficult to interpret correctly.  
In order to gain better study on its usage in condition monitoring of diesel engine and the sensor characteristics, a pencil 
lead break test was discussed. The calibration results including time domain, time-frequency domain and RMS energy were 
analysed. Time domain signals show very poor correlation at vary locations and requires many impulse response estimations in 
order to recover the source signal from being corrupted by the reflections, refraction and mode conversion effects. In the time-
frequency domain, it shows that the time duration of the concentrated energy was shorter when the sensor is closer to the 
source. This is because the main energy duration is short and larger in magnitude than reflections. For those sensors further 
away from the source, the captured signal is made up of multiple reflection, refraction and mode conversions. Therefore, the 
concentrated energy duration last longer. In RMS energy analysis, it shows the wave energy of the sensor output decays faster 
if the main signal energy is picked up. It provides the information on how the main energy is transferred across the structure 
and picked up by the sensor. It provides the basic calibration on the energy cross interference and overcome the uncertainty of 
the AE sensor behaviours. 
In the future development, the author is targeting on how to make use of the results from calibration to model a semi-auto 
source separation scheme for small scale diesel engine diagnosis. 
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